Abstract. The SRTM DEM, a digital elevation model based on the Shuttle Radar Topography Mission of February 2000 is a source of elevation data with nearly worldwide coverage. It has proven its usefulness in various regions but problems persist for densely vegetated areas where, caused by the organic matter and water content of the vegetation, the radar signal is reflected at some level between the vegetation canopy and the ground level. This level varies with different types and densities of vegetation cover and has so far not been assessed for papyrus areas. The paper describes the approach and establishment of a correction factor for a pilot area in the Sudd swamps of southern Sudan based on comparison of SRTM reference levels and ground control points collected during field surveys between 2004 and 2006. Results show a correction factor between the sensed and the real surface of 4.66 m and a average penetration depth of the radar signal into the dense papyrus vegetation of 0.34 m.
Introduction
The Nile swamps of southern Sudan, called the Sudd, one of the largest wetlands in Africa (Mohamed, 2005) , is a densely vegetated inland delta system consisting of permanently inundated swamp and seasonal floodplains. The vegetation within the permanent swamp is luxurious year round. The area has been studied since the beginning of the last century and detailed area descriptions for the whole of the Sudd are available from Butcher (1938) and Hurst and Phillips (1938) .
Correspondence to: G. Petersen (gpetersen@hydroc.de) The JIT (1954) and Sutcliffe (1957) provided detailed descriptions of the southern part of the swamps, while Petersen (2008) assessed the central Sudd section north of the town of Bor, both authors providing detailed description of the morphology of the respective areas. For a large scale morphological assessment of the Sudd, considering its remoteness and difficulty of access, digital elevation models (DEM) based on remote sensing data are useful. The SRTM Shuttle Radar Topography Mission (NASA, 2009a) provided such information with good data quality for the less vegetated or burnt floodplains (Petersen et al., 2008) . On the other hand, the densely vegetated permanent swamp area with its open water lagoons and up to six meter high papyrus fields as shown in the aerial overview in Fig. 1 is challenging the DEM accuracy. Within the papyrus fields, the dense vegetation with its organic matter and water content leads to an early reflection of the radar signal at some level between the vegetation canopy and the ground or water level, leading to errors of surface elevation data.
The objective of this paper is to describe and quantify the penetration depth of the radar signal into papyrus swamp vegetation of the Sudd, and to establish a correction factor to calculate true ground or water surface elevation in a pilot area between Bor and Shambe for which ground control points are available from field surveys (Petersen et al., 2008) . The resulting correction factor will allow generating a corrected DEM, providing an improved base for morphological assessments and hydrological studies. A schematic sketch of the approach, showing the false surface that is generated by the early radar signal reflection (backscatter) in the papyrus vegetation is shown in Fig. 2 . The established correction factor can be assumed to be potentially applicable for similar vegetation conditions worldwide. 
Methods
Version-2 improved SRTM DEM (NASA, 2009a) data as well as ground control points collected by DGPS (Differential Global Positioning System), optical level surveys and from historic topographical maps as e.g. from Euroconsult (1981) have been used to carry out the assessment described in this study. The SRTM data was downloaded from the NASA (2009a) website, and checked for consistency with ground control points available for the area of interest between Bor and Shambe (Petersen et al., 2008 ). An overview of the area is shown in Fig. 3 . Within the ArcGIS 9 environment, the DEM was then overlaid with a dry season visual bandwidth Landsat image composite, scene P173R055, acquired on 11 July 2000 (NASA, 2009b) showing lagoons, main channels, papyrus areas and dry floodplains with the different elements being verified based on area observations that have been collected during site assessments between 2004 and 2006 (Petersen, 2008 . The image was georeferenced with the underlying DEM layer. Reference points randomly distributed at 150 different locations in the area of interest were identified based on the lagoon, papyrus and land ground class areas. As shown in the close-up in Fig. 3 , adja- cent matching sets of points were used to compare the level differences between lagoon-papyrus and lagoon-land ground class locations. Using this approach, care was taken to use DEM cells that were completely situated within the different ground class areas in order not to introduce errors due to interpolated ground class areas where cells covered both papyrus and lagoons.
The elevations for the selected locations were then exported and points located on the floodplains were checked for consistency comparing them to known ground control points and as well by conducting a consistency test comparing them to the adjacent lagoon areas, considering that the former should be slightly higher than the latter. To deduce the correction factor for the papyrus areas, the average difference between the adjacent lagoon and papyrus points was calculated, assuming that the water elevation in both the lagoon and within the adjacent papyrus field is similar. The results were then averaged, the correlation of the different groups of points analyzed and outliers removed, leading to an average correction factor for the papyrus area. This correction factor, deducted from the SRTM elevations in these areas, allows for the approximation of the real water surface elevation below the papyrus canopy. 
Results
Elevation data for 150 control points was exported from the SRTM version-2 DEM (NASA, 2009a), providing a reference elevation set for adjacent points in the lagoon, papyrus and land areas as shown in Fig. 3 . The evaluated data shows an average difference of 4.66 m with a standard deviation of 1.45 m and a correlation coefficient of 0.987 between the papyrus and lagoon areas. This evaluation allows the assumption that the SRTM radar signal is reflected close to the papyrus vegetation canopy, in average 4.66 m above the real water surface, and that penetration depth into the papyrus vegetation is comparatively small. Figure 4 shows the distribution of the values for the 150 assessed points. Migahid (1948) reported the average papyrus height as five meter, from which a penetration depth of the SRTM signal of 0.34 m can be deduced when deducting the 4.66 m radar reflection height. Comparing the evaluated dataset on a point pair basis, a correlation coefficient of R=0.98 was found, indicating consistent penetration depth conditions within the assessed area. This finding is confirmed by graphical interpretation of the differences (Fig. 4) . The observed standard deviation of 1.45 m for the 4.66 m correction factor may be related to differences in vegetation height leading to changing correction factor values while the penetration depth maintains relatively consistent. Seasonal differences caused by changing vegetation status were judged as insignificant as field surveys showed that the papyrus roots are permanently inundated and the vegetation did not change over the year. An overview of the elevation difference distribution between water and papyrus levels is shown in Fig. 5 .
The graph shows a relatively flat curve, with only 45% of the points showing a +/−0.5 m difference from the average 4.66 m elevation difference. This finding confirms the above assumed varying vegetation height, a finding also qualitatively confirmed based on field work observations where differences in height for different papyrus fields have been observed while their density was judged as relatively uniform. 
Discussion
Comparing lagoon water surface elevations with adjacent papyrus field elevations in the SRTM data, an average difference of 4.66 m can be observed. In comparison to the height of the papyrus vegetation showing an average height of five meter and reaching up to six meter (Migahid, 1948 ) the results indicate that the SRTM radar signal is reflected close to the vegetation canopy. In the assessed case, the radar signal in average only penetrates 0.34 m into the dense papyrus field vegetation. Penetration depth may be greater in cases where the papyrus vegetation is less dense, the data available for the study does not allow for more detailed assessments. With no other study so far being conducted for swamp or wetland areas with papyrus vegetation, the results were compared with assessments of mainly woody areas as conducted by Kellndorfer et al. (2004) and Hofton et al. (2006) who assessed the effect of vegetation on SRTM accuracy. These studies show that for the assessed heterogeneous vegetated areas different magnitudes of errors occur and that the magnitude of the errors depends on the vegetation type and density by having an effect on the penetration depth and backscatter characteristics of the radar signal. Penetration depth in the assessed cases was shown as ranging from 3.3 to 26.3 m for more or less dense woody vegetation types. In comparison to the heterogeneous conditions assessed by the above authors, the papyrus fields of the Sudd region assessed in this study show a homogenous vegetation type with even biomass and water content distribution. These conditions result in a relatively even penetration depth and related radar backscatter error value for which variations can be related to total vegetation height variations.
Conclusion and outlook
Compared to the heterogeneous conditions described in the studies by Kellndorfer et al. (2004) and Hofton et al. (2006) , the even radar backscatter behaviour and homogenous vegetation distribution and density in the Sudd yields a representative average correction factor of 4.66 m, applicable for the papyrus fields in the permanent swamp areas. The homogenous distribution will allow for the application of the derived value as a general reduction factor to correct the SRTM elevation in the papyrus fields to a "real" water surface elevation in order to generate a correct surface elevation DEM. While in previous studies assumptions about the "real" surface elevation within the papyrus fields have been used, the derived correction factor of this study will allow for a better representation of levels within the papyrus fields and respective improved results for e.g. hydrodynamic assessments.
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